Recent evidence has shown that the prolamine polysomes are attached not only to the endoplasmic reticulum membranes that bound the prolamine protein bodies (PBs) but also to cytoskeleton elements associated with this subcellular fraction. To learn more about the nature of the proteins that are associated with this supra-macromolecular complex, proteins extracted from an enriched cytoskeleton-PB fraction were resolved by two-dimensional polyacrylamide gel electrophoresis under non-equilibrium conditions and analyzed for their composition by immunological and biochemical methods. Immunoblot analysis indicated the presence of the cytoskeletal proteins, actin and tubulin, and the cytoskeletal-associated protein EF1« in this fraction. Microsequencing of selected polypeptides revealed a diversity of protein sequences. In addition to contaminating storage proteins which are selectively solubilized by the isolation procedure, several ribosomal proteins and histone H3 were also identified. Some of the remaining polypeptides showed partial homology to protein sequences deposited in the database, several of which are cytoskeleton-associated proteins.
translocated into the ER lumen but are then subsequently stored into separate protein bodies (PBs) located in different intracellular compartments (Muench and Okita 1997) . Prolamines are directly sequestered within the ER lumen, forming a protein inclusion granule delimited by the rough ER (Krishnan et al. 1986 , Tanaka et al. 1980 . Glutelins are transported from the ER lumen to the Golgi apparatus and then deposited in the vacuole (Krishnan et al. 1986 , Tanaka et al. 1980 .
Previous studies (Kim et al. 1993 ) have suggested that the rice storage protein mRNAs are not randomly distributed on the ER membranes of developing rice endosperm cells but instead targeted to specific domains of this membrane complex. Yamagata et al. ) isolated polyadenylated mRNA isolated from purified prolamin protein bodies and translated them in vitro. The only major products synthesized were the low molecular weight prolamines, suggesting that prolamine mRNAs were highly enriched in this membrane fraction. In contrast, Kim et al. (Kim et al. 1993) showed that glutelin mRNAs were about 2.5-fold more abundant than prolamine mRNAs on membrane-bound polysomes isolated from a microsomal fraction enriched in cisternal ER membranes. These preliminary results were verified by Li et al. who unequivocally demonstrated by a combination of blot and in vitro and in situ hybridization experiments that the glutelin and prolamine transcripts were enriched on these different ER membranes.' Prolamine mRNAs were present at approximately 7-to 10-fold higher • amounts than the glutelin mRNAs on the rough ER membranes that surround the developing prolamin protein bodies (PB-ER), whereas the glutelin mRNAs were enriched approximately 2.5-fold over the prolamine mRNAs on the cisternal-ER membranes . The localization of these mRNAs on different ER subdomains would facilitate the synthesis and packaging of these proteins into separate PBs.
The mechanism responsible for the localization of the storage protein mRNAs on these ER membrane types has yet to be elucidated. In a wide variety of animal cells, mRNA localization has been shown to be dependent on the cytoskeleton (St Johnson 1995) . Both the microtubule and microfilament networks are known to function together or independently in the localization of these mRNAs (St Johnson 1995 , Sundell and Singer 1990 , Yisraeli et al. 1990 . In plants, the cytoskeleton has also been implicated in the localization of actin mRNAs during Fucus embryo development (Bouget et al. 1996) and in the intercellular transport of plant viral RNAs (Heinlein et al. 1996 , McLean et al. 1996 .
In addition to its suggested role in mRNA localization, the cytoskeleton is thought to have a role in translation, as the bulk of the polysomes in the cytosol appear to be associated with the microfilament component of the detergentresistant cytoskeleton scaffolding network (Hesketh 1994 , Pachter 1992 . Biochemical evidence for cytoskeletonbound polysomes in pea stems and roots, and corn endosperm has been obtained by Davies and his associates (Davies and Abe 1989 , Ito et al. 1994 . In addition to cytoskeleton-bound polysomes in plants, there is also evidence for the association of polysomes to both the cytoskeleton and membranes , Ito et al. 1994 . Isolated maize PBs are enmeshed in F-actin, and non-ionic detergent treatment removes all of the fiuorescently labeled ER membrane and all of the phospholipids but retains almost all of the polysomes and the cytoskeleton components . Treatment with solutions of moderate to high ionic strength solubilizes the cytoskeleton and releases the polysomes.
Biochemical and microscopic evidence supports the involvement of the cytoskeleton in prolamine mRNA localization and/or translation. Examination of rice endosperm cells using indirect immunofiuorescence and confocal microscopy demonstrate that the prolamine PBs are enmeshed in microfilaments (Muench and Okita, unpublished data) . Similarly, the bulk of the prolamine polysomes are resistant to extraction from the PBs by neutral detergents either alone or together with puromycin but readily released from the PBs by conditions which disrupt the cytoskeleton (Muench et al. 1998) . This association of prolamine polysomes with the cytoskeleton is evident when seed extracts are analyzed on sucrose density gradients with or without detergents under conditions that stabilize the cytoskeleton. In the absence of detergent, actin, tubulin, and prolamine polysomes co-sediment with light and heavy membrane fractions that contain small and large PBs, respectively, as well as microsomal membranes. When treated with detergents to remove the membranes, this association is still maintained although the large cytoskeleton-PB complexes sediment to the dense regions of the sucrose density gradients. Treatment of this complex under conditions known to destabilize the cytoskeleton results in the dissolution of actin and tubulin and the release of prolamine polysomes. Overall, present evidence suggests that these translation complexes are anchored to the cytoskeleton which is located on the PB surface, in addition to the well characterized ribosome binding site of the ER localized protein translocation complex (Muench et al. 1998) .
The plant cytoskeleton is poorly understood at the biochemical level (Cyr and Palevitz 1995 , Davies et al. 1996 , Shibaoka and Nagai 1994 . In an effort to learn more about the nature of the cytoskeleton and the cytoskeleton-associated proteins that enmesh the prolamine PBs, we extracted proteins from the enriched cytoskeleton-PB fraction under conditions that maintain the structural and functional integrity of the polysomes (Abe et al. 1991 . Two-dimensional polyacrylamide gel electrophoresis of this enriched cytoskeleton-PB fraction showed that it contained a complex mixture of proteins. The cytoskeletal proteins, actin and tubulin, and the cytoskeleton-associated protein EFla (Durso and Cyr 1994) , were readily detected by immunoblot analysis. Selected proteins from the 2-D polyacrylamide gel were subjected to Edman degradation and several were identified by their near identity to sequences of known proteins. In addition, some proteins shared partial sequence homology to known cytoskeleton-associated proteins from other organisms suggesting that they have a similar role in cellular processes during rice endosperm development.
Materials and Methods
Preparation of an enriched cytoskeleton-PB fraction-AW steps were carried out on ice or at 4°C. Sixty grams of mid-developing rice seed was ground in liquid nitrogen with 180 ml of cytoskeleton stabilizing buffer (CSB) ) containing 5 mM HEPES adjusted to pH 7.5 with 3.2 mM KOH, 10 mM Mg(OAc) 2 , 2 mM EGTA (ethylene glycol-bis //.AOW.W-tetraacetic acid), 1 mM PMSF (phenylmethyl sulfonyl fluoride), 1 mM DTP (dithiothreitol), 1 unit ml"' ribonuclease inhibitor (InhibitAce, 5 Prime-3 Prime Inc.), and 200 mM sucrose. The crude seed extract was filtered through one layer of miracloth and then treated with 1% Triton X-100 detergent with periodic agitation for 10 min to solubilize the membranes. The extract was centrifuged at 2,500 x g for 10 min. The resulting pellet was resuspended in CSB containing 1% Triton X-100, and incubated on ice with periodic agitation for 10 min and then re-centrifuged as before. The pellet was suspended in CSB containing 1% Triton X-100, loaded onto six sucrose two-step density gradients consisting 60% and 80% w/v sucrose in 5 mM HEPES (adjusted to pH 7.5 with 3.2 mM KOH) and 10 mM Mg(OAc) 2> and centrifuged at 250,000 xg in Beckman SW-28 rotor for 90 min at 4°C. The enriched cytoskeleton-PB fraction which bands at the 60-80% interface was collected and transferred to new tube. An equal volume of high salt buffer consisting of 200 mM Tris-HCl, pH 8.5, 500 mM KOAc, 25 mM Mg(OAc) 2 , 2 mM EGTA, 1% PTE and 1 mM DTT ) was added to disrupt the cytoskeleton. After incubating for 10 min at 4 C C, the sample was centrifuged at 250,000 x g for 45 min to pellet the PBs and the released ribosomes and polysomes. Proteins present in the supernatant were concentrated by partitioning them into an equal volume of phenol followed by precipitating the proteins by the addition of three to five volumes of methanol with 0.77% NH 4 OAc. After placing the mixture at -20°C overnight, the protein precipitate was collected by centrifugation and washed once with acetone.
Non-equilibrium two-dimensional poly aery lamide gel electrophoresis-Two-dimensional PAGE was performed by the method of O'Farrell (O'Farrell 1975 ) utilizing a nonequilibrium pH gel electrophoresis (NEPHGE) system. The cytoskeleton-PB associated proteins were dissolved in NEPHGE sample buffer (0.55 g urea, 160//I 10% Nonidet P-40, 75 fil pH 3-10 ampholines and 20 t*l /J-ME per milliliter) and 250 fig of protein was loaded on a 4% polyacrylamide tube gel (1.5 mm thick, 10.5 cm long) containing 3% pH 3-10 ampholines (Bio-Rad). The first dimension was run at 1,400 V-h (400 V for 3.5 h), equilibrated in SDS sample buffer (0.0625 M Tris-HCl, pH 6.8, 2.2% SDS, 10% glycerol, 3.5 mM DTT) for 1-2 h, and then resolved on a second dimension 12.5% SDS polyacrylamide gel (1.5 mm thick).
Immunoblot analysis-The NEPHGE 2-D gel was equilibrated in transfer buffer (20 mM Tris-HCl, pH 8.5, 150 mM glycine and 20% methanol) for 15 min and then transferred onto nitrocellulose membrane overnight at 0.3 amps using a Hoefer transblotter apparatus. The membrane blots were screened first with a commercially available mouse anti-actin monoclonal antibody (Amersham, N35O; ICN, 691001) at a 1 : 1,000 dilution. The same nitrocellulose membrane was then screened successively with a mouse anti-a-tubulin monoclonal antibody (Sigma, T-9026), rabbit anti-EFla antisera (maize, a generous gift from Brian Larkins, University of Arizona), and rabbit anti-BiP, antisera (maize, a generous gift from Rebecca Boston) each used at a dilution between 1,000 to 2,000. After primary antibody incubation, the membrane was incubated in either anti-rabbit IgG or anti-mouse IgG conjugated to horse radish peroxidase, and then visualized by chemiluminescence (Pierce Sensitive ABC Peroxidase Staining Kit or Super Signal Substrate Kit) exposure to x-ray film.
Edman degradation-To minimize modification of the N-terminus the following precautions were undertaken during the preparative non-equilibrium 2-D PAGE. The second dimensional SDS gel was pre-run for about 45 min with 5 fiM glutathione. The cathode buffer was then replaced with fresh buffer containing 0.1 mM thioglycolic acid. After electrophoresis, the proteins were electroblotted overnight at 0.3 amps onto polyvinylidene difluoride membranes. The blots were then stained for 5-10 min with 0.1% Coomassie Brilliant Blue R-250 in distilled water followed by destaining in water. Polypeptide spots that were well resolved were cut out and then subjected to Edman degradation using an Applied Biosystems 470A gas-phase protein sequencer. The released phenylthiohydantoin-amino acids were separated by an on-line HPLC system and identified by retention time to known derivatized amino acid standards.
Results and Discussion

Isolation of an enriched cytoskeleton-PB fraction-
We had previously shown that the bulk of the prolamine polysomes are associated with a light membrane and heavy membrane (PB) fraction on sucrose density gradients (Muench et al. 1998 ). Both of these membrane fractions contain prolamine polysomes and the cytoskeletal elements, actin and tubulin, but differ in that the heavy membrane fraction contained larger prolamine PBs. When these light and heavy membrane fractions were treated with neutral detergents to dissolve the membranes, the cytoskeleton-PB complexes contained within these initial fractions sedimented to an identical dense region of the sucrose density gradient (Muench et al. 1998) .
In an effort to identify some of these cytoskeleton-associated proteins in the light and heavy membrane fractions, we utilized a modified extraction procedure (see Materials and Methods) from that described earlier (Muench et al. 1998) . SDS PAGE analysis of these proteins revealed no significant qualitative or quantitative differences in polypeptide banding patterns between the enriched cytoskeleton-PB fractions prepared by this modified procedure using a single sucrose density gradient centrifugation compared to those purified by our previous procedure consisting of two consecutive sucrose density gradient centrifugation steps.
2-D PAGE and immunoblot analysis-Initial analysis
of the enriched cytoskeleton-PB fraction by 2-D PAGE under equilibrium conditions revealed that the major proteins present in this fraction were basic in net charge. This overall basic character was also evident by the fact that the many of the proteins also bound to the strongly anion-exchange Heparin column (results not shown). To determine the complexity of the proteins present in cytoskeleton-PB fraction, we resolved these proteins by a nonequilibrium pH gel electrophoresis (NEPHGE) system where the first dimension gel was resolved for only 2 h. More than 100 major polypeptide spots and about 80 minor polypeptide spots were observed when visualized viewed by silver staining (Fig. 1) . The polypeptides are not distributed uniformly across the second dimensional polyacrylamide gel. A group pH5.6 pH8.8 12 11
16.5 Fig. 1 Silver-stained two-dimensional nonequilibrium pH gel electrophoresis (NEPHGE) of the extracted proteins from an enriched cytoskeleton-PB fraction. The proximate position of actin, tubulin, and EFla (as determined by immunoblotting, see Fig. 2 ) as well as for rice globulin (Glob) are shown. Polypeptides 1 to 20 were subject to Edman degradation. The measured pH of the first dimensional gel was pH 5.6 at the acidic (anode) end and pH 8.8 at the basic (cathode) end. Numbers on the left designate the electrophoretic mobility of prestained protein molecular size markers in kilodaltons. of very basic polypeptides migrates almost to the cathode end of the 1-D polyacrylamide gel under the non-equilibrium isoelectric focusing conditions whereas the bulk of the polypeptides that enter the 1-D gel are located within the anode half. The electrophoretic behavior of actin, tubulin and EFIa was determined by immunoblot analysis of the NEPHGE (Fig. 2) . Actin had very low electrophoretic mobility and although much of the antigen entered the first dimensional gel, they were observed near the origin. Likewise, most of the tubulin remained at the origin of the first dimension and subsequently migrated as a smear in the second dimension. One tubulin isoform, however, was resolved into the gel as a distinct but faint polypeptide spot. EFIa appears as a doublet with molecular sizes at 54 kDa and 51 kDa. As only a single immunoreactive band at 54 kDa is evident on single dimensional SDS polyacrylamide gels, the smaller molecular species might be a proteolytic product. In addition to its role in protein synthesis, EFIa has been shown to bind, bundle, or sever microtubules (Durso and Cyr 1994 , Murray et al. 1996 , Shiina et al. 1994 . The NEPHGE gel blot were also probed with antisera raised against maize BiP. BiP was not identified under these conditions although it can be detected in this protein fraction when assessed by immunoblot analysis of single dimension SDS polyacrylamide gels. Bip binds with the nascent and mature rice prolamine polypeptides and with the prolamine PB , and thus would remain associated with the prolamine polysome-PB complex during its extraction. ized by Coomassie Brilliant Blue staining and subject to Edman degradation (Fig. 1) . Of the 20 polypeptide spots analyzed (Table 1) , 14 yielded readable sequences with one of the spots (polypeptide 7a, b) giving a major and minor sequence ( Table 2 ). The remaining six polypeptide spots were assumed to be blocked at the N-terminus. The sequences obtained were compared with the protein sequences in the National Center for Biotechnology Information using the Blast algorithm software. Polypeptides 2, 3, 4, 7B, and 9 were identified as ribosomal proteins S4, S3a, L13, L27, and S17 while polypeptide 7A is histone H3 ( Table 2 ). The possibility that these ribosomal proteins may have been selectively extracted from the polysomes and ribosomes is highly unlikely since the extraction conditions used to remove proteins from the cytoskeleton-PB complex were formulated to stabilize the translational competence of the polysome and the structural integrity of the ribosome Davies 1975, Nesset and Dickman 1980) . Evidence has been obtained in animal cells that mRNAs encoding ribosomal proteins and histones are associated with cytoskeleton-bound polysomes (Hesketh 1996) . The presence of these basic proteins in this fraction is consistent with the suggested view that the cytoskeleton is involved in the nuclear export and translation of their mRNAs as well the transport of these protein back to the nucleus (Agutter 1991 , Hovland et al. 1995 , Zambetti et al. 1985 . Interestingly, mRNAs encoding S3a, S4, S17 and Spot# 17 Rice a-Globulin
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LI3 (as well as for EFla) are selectively elevated in rapidly proliferating malignant or embryogenic cells (Helps et al. 1995 , Starkey and Levy 1995 , Starkey et al. 1996 . Similar to the multifunctional activity of EFla (Condeelis 1995) these proteins may possess another function in addition to their ribosome structural role. Three of the polypeptides, 17, 18 and 19, were identified as globulin storage proteins (Table 2) . Polypeptide 17 aligns with the mature N-terminus of the rice globulins Pueppke 1993, Nakase et al. 1996) . Polypeptide 18 aligns with internal peptide of these proteins indicating that it is likely a proteolytic product. The rice globulins are located in the irregularly shaped, electron dense glutelin PBs (Krishnan et al. 1992) . These are saltsoluble proteins that were released during the high salt treatment at the end of the extraction procedure. Polypeptide 19 shares partial homology to the mature N-terminus of the basic subunit of glycinin and legumin. One significant difference between the two sequences is that the rice sequence has a methionine at residue 7 while the soybean and pea proteins have a cysteine at this position. This cysteine is highly conserved in all 1 IS globulins and is an essential residue for the assembly and processing of the 1 IS globulins as it serves to link the basic subunit with the acidic subunit (Nielsen et al. 1995) .
Polypeptides 1, 5, 6, 13, 16 and 20 have varying levels of homology to protein sequences deposited in the database (Table 2) . Polypeptide 1 showed considerable homology to an internal peptide sequence of poly(A)-binding protein. Such proteins are essential in yeast and are involved in mRNA stability and translation (references cited in Le et al. 1997) . Hence, the presence of poly(A)-binding-like proteins is expected in this enriched cytoskeleton-PB fraction as polysome complexes are tightly associated with the cytoskeleton in developing rice endosperm cells. The first part of the rice sequence, which is highly conserved to the Arabidopsis (Belostotsky and Meagher 1993) and wheat (Le et al. 1997 ) poly(A)-binding proteins, is part of the RNP-2 motif which is conserved in these RNA binding proteins (Burd and Dreyfuss 1994) . Poly(A)-binding proteins contain four RNA binding domains at the N-terminal half of the protein, each domain containing the RNP-2 motif. Polypeptide 1 is considerably smaller in molecular mass (27 kDa see Table 1 ) than the poly(A)-binding protein (>70 kDa) (Belostotsky and Meagher 1993, Le et al. 1997) , and it did not react with antisera raised against the wheat poly(A)-binding protein (a generous gift from D. Gallie, University of California at Riverside) suggesting that it is not a poly(A)-binding protein but a related member of this class of RNA binding proteins.
Polypeptide 5 shows substantial homology with L10, a protein of unknown function that preferentially accumulates in photoautotrophic grown cultured cells but not in leaf cells (Takeda et al. 1990 ). Polypeptide 5 also shows similarity to an internal peptide sequence of the giant muscle protein titin (Labeit and Kolmerer 1995) . Despite the considerable homology in their N-terminal amino acid sequences, L10 and polypeptide 5 differ considerably in net charge. L10 possesses a pi of 7.3 while polypeptide 5 is considerably more basic (>8.5) as indicated by close electrophoretic mobility to the cathode end under non-equilibrium isoelectric focusing conditions. Polypeptides 6, 13, 16, and 20 display partial similarity to multiple sequences from apparently unrelated proteins in the database (Table 2 ). The N-terminal sequence of polypeptide 6 shows alignment with an N-terminal peptide sequence from the Herpes virus gene 52 (Bublot et al. 1992) as well as an internal sequence from the maize phosphoglycerate mutase (Perez de la Ossa et al. 1994 ). Polypeptide 13 shows substantial homology to yS-fibrinogen (Chung et al. 1981) and less so to a putative regulatory peptide of the tryptophan operon of Serratia marcescens (Mipzzari and Yanofsky 1978) and outer capsid protein from human rotavirus (Green et al. 1988) . Polypeptide 20 has similarity to internal peptides of the replicationpartition related protein encoded by Coxiella burnetti (Lin et al. 1995) and outer membrane lipoprotein of Borrelia hermsii (Kitten and Barbour 1990) . Polypeptide 16 shows homology to a kinesin-like protein isolated form fission yeast (Pidoux et al. 1996) as well as to a transcriptional factor, Sox-19, isolated from zebrafish (Vriz and Lovell-Badge 1995) . The kinesins are ATP-dependent motor proteins that drive the transport of macromolecules and organelles along microtubules. The N-terminal globular end of the kinesin primary sequence contains both the ATPase and microtubule binding sites. Such a molecular motor has been suggested to be involved in the intracellular transport of mRNAs along microtubule tracks (for example, see Ainger et al. 1993) . The presence of a polypeptide that shares partial homology with kinesin is consistent with its association with the enriched cytoskeleton-PB fraction isolated here.
Antibodies are currently being raised against several of these polypeptides. Preliminary analysis on the intracellular location of these proteins by immunoblot analysis indicate that polypeptides 1, 5, 13 and 20 are preferentially located in the enriched dense cytoskeleton-PB fraction isolated in the presence of detergents. These antibody probes will facilitate further studies aimed at the isolation, characterization and identification of the complete primary sequences of these proteins, and will lead to a better understanding the role of these proteins during rice endosperm development.
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